A Kivimäki, J Álvarez-Ruiz, R Sankari et al. Abstract. The autoionization of atomic fragments after core-to-Rydberg excitations in N 2 has been studied using high-resolution electron spectroscopy. Doppler profiles are clearly observed on atomic autoionization peaks and show dependence on the symmetries of the excited states. It is demonstrated that information on the femtosecond dissociation dynamics after the Rydberg excitations can be gained through an analysis of the Doppler profiles.
Introduction
Molecules in the gas phase are randomly oriented. Molecular orientations after photoabsorption are, however, not isotropically distributed with respect to the exciting radiation, since the absorption probability is greatest when the transition dipole moment µ is aligned with the electric vector ε of the incident light. Generally, the dissociation following molecular innershell excitation occurs in a short time compared to the rotational period of the molecule. This means that the distribution of the trajectories of the fragments reflects the initial orientation of the molecule (axial recoil approximation). Therefore, the angular distribution of the fragments should show a corresponding anisotropy. The anisotropic molecular orientations, either parallel or perpendicular to ε, are selectively excited for the dipole-allowed electronic transitions of ← or ← . In the case where a molecule comes apart into two fragments and one of the fragments emits an electron, the velocity v of the dissociating fragment and the momentum k of the electron emitted from this fragment lead to a shift in kinetic energy by v · k, which is referred to as an electronic Doppler effect [1] . For the ← transition, the maximum Doppler shift is observed when k ε, whereas for the ← transition, the splitting becomes maximum when k ⊥ ε.
The Doppler effect has a wide variety of applications in many fields, such as astrophysics, meteorology, medicine, etc, related to the sensing of movement. In the research field of molecular physics, the sensing of nuclear motion has long been an important issue. Gel'mukhanov et al [1] pointed out about a decade ago that the nuclear motion can be probed through the observation of the electronic Doppler effect in ultrafast dissociation processes, where the molecular dissociation of a core-excited state precedes Auger decay after which an atomic fragment emits an Auger electron [2] . This theoretical prediction was experimentally proven at the core-to-valence excitation in O 2 [3] , and since then the electronic Doppler effect on ultrafast dissociation has been observed, not only for diatomic molecules [4] but also for polyatomic molecules [5] - [8] . Very recently, an electronic Doppler effect on the core-valence double excitation located just above the C K-shell ionization threshold of CO has been identified [9] . It should be mentioned that all these previous Doppler studies have been carried out for core electron excitations to unoccupied valence orbitals, which show broad resonance structures (a typical bandwidth of a few eV), indicating that they have a strong repulsive character. In such cases the information gained from the Doppler profiles is limited to the dissociation dynamics at core-excited states.
In the present work, it is demonstrated that the Doppler effect can be utilized as a new tool to study the molecular dynamics at singly charged ion states produced by resonant Auger decay. Special attention is paid to detecting slow electrons. In cascade Auger decay, two electrons are ejected sequentially with distinct kinetic energies depending on the energy levels of the initial, intermediate and final electronic states involved. One of the two emitted electrons is often slow (typically less than 5 eV). The practicability of detecting such slow electrons has been clearly demonstrated in our recent work [10] . Singly charged molecular ion states populated by the first electron emission can undergo competition between second electron emission and molecular dissociation. If one of the dissociating fragments is excited, it may subsequently autoionize; the autoionizing atomic fragment can act as an electron emitter, which can show Doppler shift if the kinetic energy of the atomic fragment is sufficiently large and the initial photoabsorption anisotropy is substantially maintained in the angular distribution of fragments. Since anisotropic angular distributions of fragment ions have clearly been observed in core-to-Rydberg excitations 3 for simple linear molecules [11] , the core-to-Rydberg excitations can be suitable precursors for observing Doppler shifts in the second step electron emissions.
We have observed the electronic Doppler effect after the core-to-Rydberg excitations in N 2 . Clear Doppler profiles are observed in some atomic autoionization peaks which are seen below a kinetic energy of 2 eV. The peak profiles show clear polarization dependences on the symmetries of the excited states. It is demonstrated that femtosecond dissociation dynamics of singly charged ion states produced by resonant Auger decay can be deduced from the information obtained by an analysis of the Doppler profiles.
Experiment
The experiment was performed on the soft x-ray beamline BL27SU at SPring-8 [12] . The radiation from a figure-8 undulator, which can provide both horizontal and vertical polarizations, was monochromatized by a varied line-spacing plane grazing monochromator. The photon energy resolution E/ E was set as 5000. The monochromatized radiation was introduced into a cell with sample gases. Kinetic energies of the emitted electrons were measured by a hemispherical electron energy analyzer (Gammadata-Scienta SES-2002) placed at right angles with respect to the photon beam direction. The degree of linear polarization of the incident light was essentially 100%, and the direction of the electric vector was switched either parallel or perpendicular to the axis of the electrostatic lens of the analyzer. The kinetic energy resolution of the analyzer was set at 25 meV. The transmission efficiency of the analyzer and the kinetic energy scale of the obtained electron spectra were calibrated by measuring Ne 1s photoelectron peaks at different photon energies and autoionization lines from Ne + populated via recapture of the 1s photoelectrons [13] .
Results and discussion
Figure 1 presents two-dimensional (2D) maps showing the low kinetic energy electron yields as functions of photon energy in the Rydberg excitation region of N 2 and electron kinetic energy, measured at horizontal and vertical polarization. The 2D maps show horizontal stripes at the Rydberg excitations, which are mainly due to the double Auger decay. The slow electrons can be produced only by multiple Auger decay, and high discrimination against the dominant single Auger decay is achieved by setting the observation window to these low kinetic energy electrons. While direct double Auger emissions result in a continuous kinetic energy distribution, cascade Auger decay processes can yield discrete structures in the energy distribution, depending on the energy levels of the intermediate and final electronic states involved in the second-step autoionization transitions. Within the horizontal stripes, enhancements are detectable as islandlike structures. These structures are mostly identified as resulting from autoionization of atomic Rydberg states converging on the first excited state N + ( 1 D e ), by decay into the ground state N + ( 3 P e ) as indicated in figures 1(d) and (e). The autoionizing atoms are N * fragments with low-n Rydberg electrons [14] . Molecular resonant Auger decay after Rydberg excitation leads to the formation of N + 2 Rydberg states, which subsequently dissociate into N + + N * , after which N * emits a characteristic slow electron in autoionization. The observed atomic autoionization peaks in figure 1 are common to all the coreto-Rydberg excitations, but the relative intensities of the autoionization peaks depend on the identities of the particular excitations. A closer inspection reveals that the profiles of some autoionization structures show differences depending on the polarization directions. For example, the N * (4d 2 F e ) → N + ( 3 P e ) autoionization peak at the 3pπ resonance exhibits a single peak for horizontal polarization, whereas for vertical polarization it is split into two parts (see the structures marked with white circles in figure 1 ). This is due to the electronic Doppler effect. For a clearer view, the polarization dependences of the N * (4d 2 F e ) autoionization peak following the 3sσ and 3pπ Rydberg excitations are shown in figure 2. The backgrounds have already been subtracted in figure 2 , on the assumption that the background contribution in each electron spectrum is linear and decreases monotonically with increasing kinetic energy. Similar behavior of the Doppler splittings for the same autoionization peak is seen at the 3sσ and 3pπ resonances. One can note that, while the splittings at the two resonances are similar, a larger depression is seen at the 3sσ resonance. A less pronounced depression at a -type excitation is due to the contribution from dissociating molecules oriented out of the dipole plane [9] . Although the mechanism for producing the atomic fragments with a 4d Rydberg electron following these resonance excitations is not well understood, it is likely that the multistep dissociation process from the resonant Auger final state plays a significant role in producing the N * (4d 2 F e ) fragment.
The clear Doppler splittings observed in figure 2 suggest that the dissociation is faster than, or at least comparable to, the molecular rotation. The dissociation lifetime τ , i.e. the time until the bond rupture after the photoabsorption, can be estimated from the asymmetry parameters β m for the angular distributions of the fragment emissions [15] . Here we intend to obtain β m through the analyses of the Doppler profiles. On the assumption that the axial recoil approximation is perfectly valid and the acceptance angle of the analyzer is negligibly small, the profile of the single peaks in figures 2(a) and (b) can be regarded as a result of the convolution of the Doppler broadening due to the thermal motion, instrumental resolution and autoionization width. In practice, however, owing to the imperfection of the axial recoil approximation as well as the finite acceptance angle of the analyzer, the contribution of the autoionizing atomic fragments with their velocity components in the direction parallel to the analyzer axis cannot be excluded when measuring the electron spectra, which results in an additional peak broadening. As a practical solution, the single peaks in figures 2(a) and (b) were simply fitted by a single Gaussian function. No deviation of the central energy from the literature value [16, 17] and no significant asymmetry were detected. These facts suggest that the autoionization occurs at a nuclear distance where the potential energy curves of the initial N + 2 and final N 2+ 2 states are essentially parallel. In the case of the Doppler splitting in the ultrafast dissociation following the core-to-valence excitation, the spectral shape of the atomic Auger peak is a convolution of the core excitation and the decay probabilities that include the angular anisotropy of the amplitude of Auger decay [9] . As shown in [9] , in the limit of a large Doppler shift, the spectral profile of the atomic Auger line is proportional to a function for describing the anisotropy of the photoabsorption, which is characterized by the anisotropy parameter β m : for the pure ← transition, β m is equal to 2 and then the spectral profile is governed by the cos 2 θ distribution, while for the pure ← transition, β m is equal to −1 and the profile is determined by the sin 2 θ distribution. Here, θ is the angle for the fragment emission direction, which is equivalent to the direction of the molecular axis, measured from the electron detection direction. The lack of core-excited molecules near θ = 90
• results in a Doppler splitting of the Auger peaks, since the molecules with such an orientation cannot 6 contribute to the total spectrum. The Doppler splitting of the fragment Auger lines due to this orientation hole has been nicely demonstrated in [9] . Similarly, the Doppler profile of the atomic autoionization peak can be regarded as being expressed by the anisotropy of the photoabsorption and the angular distribution of autoionizing electron. Although the anisotropy parameter for the N * (4d 2 F e ) autoionization peak is undetermined, the polarization dependences for this peak show very small intensity variations. Assuming that the angular distribution of autoionization electrons is isotropic [18] , the Gaussian functions for the single peaks in figures 2(a) and (b) were firstly obtained as the profiles without the effect of the anisotropic molecular orientation. The Doppler profiles in figures 2(a) and (b) are due to the orientation hole induced by the anisotropic molecular orientation, which makes the obtained Gaussian peak profiles double [9] . Least square fittings have been conducted, whose results are shown by solid lines in figure 2 . The β m values obtained were 1.3 ± 0.1 and −0.7 ± 0.1 for 3sσ and 3pπ, while the expected β m values under the axial-recoil condition are 2 and −1, respectively. The deviations from the expected values are attributable to the finite dissociation lifetimes: the N 2 molecule has time to rotate slightly, before dissociation occurs.
To obtain the dissociation lifetime τ , we assume that the N 2 molecule rotates with an angular velocity ω, the angle of rotation φ is equal to zero at the moment of photoabsorption, and the nonbreaking probability after the time t can be expressed as a Poisson distribution. Then, the asymmetry parameter β m is written as [15] 
Here, τ denotes the dissociation lifetime and χ indicates the angle between the direction of the fragment emission and the transition dipole moment. χ is equal to 0 for the 3sσ Rydberg transition, while it is π/2 for 3pπ . By substituting the value of ω, calculated at room temperature (300 K), into equation (1), the dissociation lifetimes τ for the 3sσ and 3pπ Rydberg transitions were calculated to be 85 ± 15 and 75 ± 25 fs, respectively. Note that the dissociation lifetimes estimated here may correspond to an approximate upper limit, owing to the simplification in their estimation. It is found that the dissociations in the current study take place on a relatively long time scale, compared with the vibrational period or core-hole lifetime (∼6 fs [19] ). This fact implies that the relevant potential energy curves of the ion states populated by resonant Auger decay have minima near the Franck-Condon region and dissociate into fragments by tunneling and/or predissociation due to crossing with repulsive states. Next, we inspect the relaxation pathways that yield the N * (4d 2 F e ) fragment following 3sσ and 3pπ Rydberg excitations. The kinetic energies of the atomic fragments can be deduced from the splittings of the observed double peaks in the slow electron spectra. The peak-topeak splittings for the autoionization of N * (4d 2 F e ) observed at the 3sσ and 3pπ resonances are 57 and 50 meV, and their estimated kinetic energies are ∼5 and ∼4 eV, respectively. These values are close to the maximum positions in the kinetic energy distributions for N + fragments produced at these resonances [20] . According to the previous work by Björneholm [21] , experimental resolution and lifetime broadening decrease the peak-to-peak splitting. This implies that the estimated kinetic energies may correspond to lowest limits.
If we assume that fragment pair ions in the ground state, N + ( 3 P) + N + ( 3 P) at 38.857 eV [22] , are formed after ion dissociation and fragment autoionization, the binding energy of the N + 2 Rydberg state relevant to this dissociation process is estimated to be ∼50 eV, from the kinetic energies of the autoionizing electron and fragments. Resonant Auger spectra measured at the The electric vector was set to be parallel to the axis of the electrostatic lens of the analyzer. The energy resolution of the analyzer was about 250 meV.
3sσ and 3pπ resonances, which are displayed in figures 3(a) and (b), show no peak-like structure around 50 eV, but similar broad structures are detected above 55 eV. This fact may imply that the N + ion as the counterpart of the atomic fragment is not in its ground state but in an excited state. Assuming that the band around 56 eV, marked by the red arrow in figure 3(a) , corresponds to the resonant Auger final states after the 3sσ Rydberg excitation, the internal energy of the N + ion is estimated to be about 6 eV. Only one excited state of N + ( 5 S) with a 2s2p 3 configuration is known, whose excitation energy is close to this value: the excitation energy of the N + ( 5 S) state relative to the ground state of N + ( 3 P) is 5.801 eV [23] . The relevant dissociation limit would be N + ( 5 S) + N + ( 3 P) at ∼45 eV. Similarly, the binding energy of the N + 2 Rydberg state after 3pπ excitation is estimated to be higher than 53 eV. Taking into consideration the fact that the kinetic energy of the fragments is estimated to be higher than 4 eV at the 3pπ resonance, the resonant Auger final state may correspond to the band around 59 eV, marked by the blue arrow in figure 3(b) .
The hatched band in the normal Auger spectrum of figure 3(c), which corresponds to transitions involving a vacancy in the inner-valence 2σ g orbital originating from the 2s atomic orbital, strongly resembles those in the resonant Auger spectra of figures 3(a) and (b). This means that the spectator electron located in a Rydberg orbital just acts as a screening of the doubly charged molecular ion. The dominant configuration of the band indicated by the black arrow in figure 3 (c) has been attributed to 2σ ) [24] . It is known that the intensity of inner-valence hole states tends to spread out because of large configuration interaction effects. A considerable population of triplet states within this band may be expected as final states of the normal Auger decay. In such a case, the spin-forbidden quartet states are populated as the resonant Auger final states in the bands shown by the red and blue arrows in figure 3, 8 which can be associated with the dissociation asymptote of N + ( 5 S) + N * (4d 2 F e ). For a further detailed discussion of the dissociation mechanisms in the Rydberg-type N + 2 states, theoretical calculations of their potential energy curves and information on the autoionization dynamics are highly desirable.
Conclusions
We have studied the autoionization of atomic fragments following the Rydberg excitations in N 2 using high-resolution electron spectroscopy. Doppler profiles that depend on the symmetries of the excited states are clearly identified in atomic autoionization peaks. We demonstrate that femtosecond dissociation dynamics and relaxation pathways after the Rydberg excitations can be deduced. Information on the dissociation lifetimes as well as on kinetic energy releases in the formation of the atomic fragments can be obtained through an analysis of the observed Doppler profiles.
